e properties of 3 binary mixtures containing piperazine were investigated in this work. In a first step, the densities for the two binary mixtures (piperazine + methanol) and (piperazine + acetone) were measured in the temperature range of 293.15 to 328.15 K and 293.15 to 323.15 K, respectively, at atmospheric pressure by using a Rudolph research analytical density meter (DDM 2911).
Introduction
Information about the physical properties of solutions in the vast range of solute concentrations at different temperatures is greatly important for physicochemical processes (separation process, crystallization, vaporization, desalination, waste aqua treatment, environment protection, oil retrieval, etc.) and the natural environment [1, 2] .
e apparent molar volumes are particularly relevant to determine the molecular interactions (solute to solute, solute to solvent, and solvent to solvent) happening in solutions [3] . Also, the apparent molar volumes of solutions at infinite dilution are useful to obtain information regarding solute to solvent and solvent to solvent interactions. However, the apparent molal volumes depend on strength of solution that can be used for the determination of solute to solute interactions [4] [5] [6] .
e thermophysical properties of piperazine + water is important for the design of gas processing technology [7] like in the treatment of natural gas having significant amount of H 2 S and in processing of refinery waste gases as well as synthesis gas for manufacturing of NH 3 , where solution of piperazine + water is used as a solvent for the removal of acidic gases (carbon dioxide and hydrogen sulfide).
e highly effective removal of CO 2 from industrial gases can also be performed by mixing piperazine with an alcohol such as the 2-amino-2-methyl-1-propanol [7, 8] , which suggests that the alcoholic solutions of piperazine are also important in many separation processes. As another example, the separation of o-and p-chlorobenzoic acids from their eutectic blend usually uses a mixture of (piperazine + methanol) [9] as the solvent. In chemical processes, piperazine is present with crude products and has to be separated. In such a case, acetone is classically used due to its stronger molecular interaction with piperazine as compared to the higher molecular weight ketone [10] .
In conclusion, the thermophysical properties of the 3 binary systems (piperazine + water), (piperazine + acetone), and (piperazine + methanol) are involved in many separation processes and thus need to be known. Consequently, it was decided to measure the densities of the (piperazine + acetone) and (piperazine + methanol) systems in the temperature range of 293.15 to 328.1 K and 293.15 to 323.15 K, respectively, since they are not available in the open literature. e concentration of piperazine was varied from 0.6978 to 14.007 mol/kg and from 0.3478 to 1.8834 mol/kg for methanol and acetone, respectively. e density data for (piperazine + water) were taken from literature in the temperature range of 298.15 to 328.15 K. [11] . For the 3 investigated binary systems, the density data were used for the calculation of the apparent molar volume, limiting apparent molar volume, apparent molar expansivities, Hepler's constant, and isobaric thermal expansion coefficient.
Experimental Work

Materials.
e chemicals used in this work are piperazine (purity ≥ 99%), methanol (≥99.4%), and acetone (≥99.8%).
ey were provided by Sigma-Aldrich (Germany) and were used without any further purification or treatment. e purity of these chemicals used along with their source and CAS number are tabulated in Table 1 . e deionized water has been prepared in lab through alfa-pore machine (WAP-4).
Measurement of the
Density. An analytical digital vibrating glass U-tube densitometer (DDM-2911, Rudolph) with an accuracy of 0.05 kg/m 3 was used to measure the density of the 2 mixtures: piperazine + methanol and piperazine + acetone. A schematic diagram of the used densitometer is illustrated in Figure 1 . e binary mixtures were prepared by weight using a Sartorius analytical weight balance with an uncertainty of ±0.00029 g (the corresponding uncertainty in molality was ±0.0004 mol/kg). e densities of the pure solvents and their blends with piperazine were measured in a temperature range varying from 298.15 to 333.15 K.
e calibration of the apparatus was conducted by comparing the density of air and water at 293.15 K and the barometric pressure. Air was provided through a suction tube filled with silica balls to ensure a provision of dry air, and double-distilled water was injected through a syringe into the density meter. Silica balls were regularly heated to remove the moisture content absorbed from the atmospheric air. Once calibrated, the U-tube densitometer was washed with distilled water and dried with acetone and air. e density data reported in this study are an average of at least three runs. To remove the air bubbles from the samples, all the solutions were sonicated by using a universal ultrasonic cleaner for 30 min. Later, the samples were stored in vials and placed into a desiccator for 10 minutes for proper mixing and settling. For each measurement, the tube was washed with water and dried with acetone. During the measurements, the air pump was always turned off to avoid irregularities due to vibrations. Table 2 shows the densities of the pure solvents (methanol and acetone) measured in this study in the temperature range of 293.1-328.15 K along with values reported in the literature. An average deviation of approximately 0.03% is observed between both sets of data, which suggests that our data are consistent with previously measured densities and that our equipment is reliable.
Results and Discussion
e densities of all three binary mixtures (piperazine + water), (piperazine + methanol), and (piperazine + acetone) as a function of the molality of piperazine and temperature are presented in Table 3 and plotted in Figures 2-4 .
e experiments cover the commercially significant concentration range of piperazine with water, methanol, and acetone, that is, concentrations that are important for industrial applications like the design of gas processing technology, liquid-liquid extraction, and leaching. More specifically, the mixtures of piperazine + methanol were prepared in a concentration range of 2.187 wt.% to 30.978 wt.% (0.6978 mol/kg to 14.007 mol/kg). Similarly, mixtures of piperazine + acetone were prepared in concentration range from 1.98 wt.% to 9.86 wt.% (0.3478 mol/kg to 1.8834 mol/kg). It is observed that the density of the mixture increases with an increase in the concentration of piperazine. However, the density decreases with an increase in the temperature.
e apparent molar volumes [26] (V ϕ ) (in m 3 /mol) of piperazine were calculated from the densities of the solutions by using the equation given below:
where m is the molality of piperazine (mol/kg), ρ and ρ 0 are densities (in kg/m 3 ) of the solution and pure solvent, respectively, and M is the molar mass of piperazine (in kg/mol).
e apparent molar volume (V ϕ ) of all three binary mixtures (piperazine + water), (piperazine + methanol), and (piperazine + acetone) calculated from Equation (1) as a function of molality of piperazine and temperature is tabulated in Table 4 and plotted in Figures 5-7 (denoted by markers). show that V ϕ values rise with rise in temperature for each binary mixture, highlighting that the overall order of the structure is improved or increased in solution with rising temperature [27] .
e influence of the molality depends on the studied system, that is, the apparent molar volumes may rise, decrease, or progress through a maximum. Our data were correlated with the Redlich-Mayer equation [28] : 
where V Table 5 . From this table, notably, the V 0 ϕ values rise with rise in temperature for each binary mixture. As highlighted by [29] , this behavior characterizes the presence of strong solute to solvent interactions that are strengthened with the rise in temperature. It is worth noting that this behavior was also observed for many systems. We can cite the (methanol + methyl acetate) system reviewed by [30] , the (methanol + ethyl acetate), the (ethanol + methyl acetate) and (ethanol + ethyl acetate) systems studied by [29] , the (methanol + isopropyl alcohol), the (methyl salicylate + DMSO) and (hydroxamic acid + DMSO) examined by [31] . e V 0 ϕ values of the mixtures rise in the following order: (piperazine + methanol) < (piperazine + water) < (piperazine + acetone), which could be due-as explained by [29] -to an enhancement in the strengths of the solute to solvent interactions. is enhancement results in an increase of contraction in the volume.
e values of S V and B V are also tabulated in Table 5 . e S V values are negative for (piperazine + acetone) and positive for the (piperazine + water) and (piperazine + methanol) systems at each temperature. e S V value decreases with rise in temperature for each binary system. e strength of the solute to solute interactions of each system increases in the following order: (piperazine + methanol) > (piperazine + water) > (piperazine + acetone). e solute to solute interaction decreases with an increase in temperature for each binary system. e B V values are negative for the (piperazine + methanol) and (piperazine + water) mixtures and positive for the (piperazine + acetone) mixture at each temperature.
e B V values rise with rise in temperature for each binary system. e negative B V values show rise in solute to solute interactions for International Journal of Chemical Engineering 
where A, B, and C are empirical parameters and T is the temperature. e limiting apparent molar expansibility (E 0 ϕ ) can be obtained by differentiating Eq. (3) with respect to the temperature:
e (E 0 ϕ ) values for each binary system are tabulated in Table 6 which gives important information related to the solute to solvent interactions [32] . Table 6 25 for the binary mixtures, that is, (piperazine + water), (piperazine + methanol), and (piperazine + acetone), respectively. us, piperazine acts as a structure breaker in solution. e proof for the effect of Hepler's constant on microscopic structure is discussed in the literature [34] . e isobaric thermal expansion coefficient, α p , of the solute was calculated using the apparent molar volume and apparent molar expansibility at infinite dilution data:
e isobaric thermal expansion coefficient, α P , is also tabulated in Table 6 . A higher value of α P was obtained for acetone, and lower value of α P was obtained for water.
Conclusion
In this work, new density data for 2 binary mixtures (piperazine + methanol) and (piperazine + acetone) were measured from 293.15 K to 328.15 K. It was found that the density of both the mixtures increases with increase in temperature but decreases with increase in concentration. Similarly, V ϕ values rise with increase in concentration of piperazine in methanol but decreases in case of acetone. Also, the apparent molar volume (V ϕ ), limiting apparent molar volume (V 0 ϕ ), apparent molar expansibility (E 0 ϕ ), Hepler's constant, and isobaric thermal expansion coefficient (α P ) were calculated and reported in this work. e limiting apparent molar volume V 0 ϕ increases with temperature, which highlights the strong interactions of the solute with the solvent. e positive apparent molar expansibility (E 0 ϕ ) decreases with temperature, which indicates 
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